Dielectric properties (DPs) of selected fruits: guava (Psidium guajava), mamey sapote (Pouteria sapota), red prickly pear (fruit from Opuntia streptacantha), and white prickly pear (fruit from Opuntia ficus-indica), as well as nopal (young cactus pads or cladodes from Opuntia ficus-indica) were studied. DPs were determined using the open-ended coaxial probe method at microwave frequencies (500 MHz-2 GHz) and temperatures of 20, 40, and 60ºC. At 20ºC and 915 MHz for unripe fruits, dielectric constant values ranged from 65.7 to 70.9, while the loss factor had values between 8.4 and 20.7. Both dielectric constant and dielectric loss factor were affected by temperature and frequency (p < 0.05). For example, loss factor for red prickly pear at 2450 MHz decreased from 13.88 at 20ºC to 12.8 at 40ºC and 11.7 at 60ºC. DPs of fruits were also affected by their ripening (quantified through the maturity index). In addition, penetration depth decreased with increasing frequency, ranging from 1.98 to 4.80 cm at 915 MHz and from 0.25 to 0.41 cm at 5800 MHz. Results are valuable to develop further applications with microwave technology for these foods, such as microwave-assisted disinfestation treatments or microwave drying.
Introduction
Fruits and vegetables are of high nutritional, sensorial, and economical values. Guava fruit (Psidium guajava) is an aromatic tropical fruit native of Mexico and Central America, with many seeds in the center of the pulp. Nowadays, it is recognized as the fruit with the highest vitamin C content (228 mg of ascorbic acid/100 g of fruit), [1] and some cultivars reach 400 mg/100 g and also have important contents of vitamin A. [2] Mamey sapote (Pouteria sapota) is a soft fruit, with orange-color pulp and a big stone in the center; it is a good source of fiber, potassium, and vitamins A and E. [3] Prickly or cactus pear (fruits from Opuntia) is a berry with thick peel and tasty juicy pulp with many seeds. Seeds contain oil composed by important fatty acids, such as oleic, palmitic, and stearic. [4] Moreover, it also contains high levels of minerals, such as Ca, K, Mg, and P. [5] Prickly pear pulp is rich in fiber, amino acids, [6] and natural antioxidants, such as flavonoids and carotenoids. [7] Tender young pads from Opuntia, named "nopal" in Mexico, are green cladodes rich in mucilage (soluble fiber), crude fiber, sugars, organic acids, and phenolic compounds. [8] Microwave-assisted disinfestation treatments and microwave drying have advantages over conventional methods, since volumetric heating does not degrade the fruits biocompounds as much as traditional heating. In order to develop microwave heating methods, the dielectric properties (DPs) of the foods should be obtained. Dielectric properties of diverse fruits and their nectars have been reported in the literature, such as apple, cherry, grape fruit, and orange; [9] avocado, cherimoya, longan, passion fruit, persimmon and white sapote; [10] mango; [11] tomatoes, [12] garut citrus fruits, [13] apple, apricot, peach, and pear nectars [14] Nevertheless,, to the best of our knowledge, DPs of guava, mamey sapote, cactus pears, and nopal have not been studied Dielectric properties are described by the complex permittivity (ε) of a given material, expressed as [15] ε
where the real part ε' is the dielectric constant, ε" is the dielectric loss factor, and j = √-1. ε' is related to the capacity of the material to store electrical energy, while ε" is related the absorption mechanisms of energy dissipation and usually, it is significantly smaller than ε'. [16] Penetration depth (d p ) is another important factor associated to the dielectric properties, defined as the depth below a surface of a material at which the power density has decayed by 1/e from the surface value (1/e is around 37%). [16] d p can be calculated from the real permittivity and the dielectric loss factor, as
where d p is the penetration depth (m), c is the speed of the light in free space (3 x 10 8 m/s), and f is the frequency (Hz). Since the dielectric properties of foods are affected by frequency, temperature, and ripening, [9] [10] [11] [12] [13] 16, 17] in this work, we studied the dielectric properties of the aforementioned fruits in the microwave range from 500 MHz to 20 GHz, at different temperatures (20, 40 , and 60ºC), and different ripening stages
Material and methods

Samples
Four samples of fruits and cladodes of Opuntia were obtained from local orchards in Cholula, Puebla, Mexico, all harvested in the month of November, 2015. The fruit samples included guava (Psidium guajava), mamey sapote (Pouteria sapota), red prickly pear (cactus pear fruit from Opuntia streptacantha), and white prickly pear (cactus pear fruit from Opuntia ficusindica). Fruits were chosen in two different stages of ripeness, which were identified as unripe (physiological maturity, still with greenish appearance, hard texture and no sweet taste), and ripe (commercial ripeness, ripe color, soft texture, sweet taste and low acidity). Young cladodes from Opuntia ficus-indica were also brought to the laboratory. Nopal has only one stage of ripeness. All the samples were selected healthy, without signs of insect attacks, illness, fungi presence, or any other defect. Samples were washed with tap water and dried at room temperature. In the case of mamey sapote and prickly pears, peel was removed. For mamey sapote, its stone was also removed. Every sample was cut just previous to analysis, and an individual paste was obtained for each one from their flesh in an electrical blender. One reason to form a paste is to assure temperature homogeneity across the sample. However, it is important to note that since a uniform paste is obtained, no anisotropy studies can be carried out [18] As mentioned by Ryyänen [16] , heating characteristics may vary with particle size and distribution, having slightly higher ε' in laminated structures than compared to granular substances, the author did not mention a possible effect on the ε". Nevertheless, diverse reports have demonstrated that measuring an isotropic homogeneous fruit-paste resulted in useful data for further applications. [9] [10] [11] [12] [13] Physicochemical analysis in samples pH was determined with a digital pHmeter (Model pH120, Conductronic, Mexico City), previously calibrated with buffer 7.0 and 4.0. pH was measured by direct immersion of the electrode in the paste of every sample. [11] Total soluble solids (TSS) were determined in the paste of every sample with a digital refractometer (Model HI 96801, Hanna Instruments, Romania), previously calibrated with distilled water at 20ºC. [19] TSS were expressed in ºBx. Titratable acidity was determined by titration with 0.1 N NaOH in 10 g of sample and pHmeter up to pH = 8.2. [20] Titratable acidity was expressed as percentage of the main organic acid present in the fruit. Physicochemical tests were carried out by duplicate. The maturity index of the fruits was calculated by the ratio of TSS/titratable acidity. [21] Dielectric properties measurement system Both dielectric constant (ε') and dielectric loss factor (ε") of every sample were measured with an openended coaxial probe (model 85070E, Agilent Technologies, Fullerton, CA, USA) connected to a vector network analyzer (model N9918A FieldFox, Keysight Technologies, Santa Rosa, CA, USA). The range of measurement was from 500 MHz to 20 GHz. The tip of the probe was calibrated with air, electrical short fitting, and distilled water at 25ºC. Error of the system was about 5% after calibration. [22] Then, 200 g of paste of every sample were placed in a 13.4 cm tall and 5 cm diameter beaker. The tip was immersed 2 cm within the sample, ensuring that the probe had contact with the sample. The initial temperature of the sample was 20ºC. To heat it up to 40 and 60ºC, a hot water bath was used. In order to have a uniform temperature, the sample was constantly stirred. Once the target temperature was reached, ten readings were taken in less than 1 min, and average values were calculated.
Calculation of penetration depth
With the average values of the dielectric properties (ε' and ε"), the penetration depth (d p ) was obtained using Equation 2 at the ISM bands (Industrial, Scientific, and Medical), allocated by the Federal Communications Commission. [23] For our measurement range, the covered ISM microwave frequencies for the purposes of heating are 915, 2450, and 5800 MHz.
Statistical analysis
Results were analyzed by ANOVA and Tukey's pairwise comparison using the software Minitab 17 (Minitab Inc., State College, PA). Differences between means were established at the significant level of p = 0.05.
Results and discussion
Physicochemical properties of samples
The physicochemical properties of the samples and the ripening of the fruits are shown in Table 1 . pH and TSS increased with ripeness of the fruits (p < 0.05), while titratable acidity decreased for guava and mamey sapote (p < 0.05). No differences in titratable acidity due to ripeness (p > 0.05) were observed for any of the prickly pears, since they are fruits with neutral pH and low acidity. The maturity index revealed that the ripeness stage was significantly different among ripe and unripe samples, especially in climacteric fruits, such as guava and mamey sapote.
Real permittivity (dielectric constant) of fruits and nopal Figure 1 shows the trend of dielectric constant for (a) guava and (b) mamey sapote fruits with respect to frequency at 20ºC. As it is seen, the dielectric constant decreased with frequency. Ripe fruits (guava with 12.2ºBx and mamey sapote with 33ºBx) had slightly higher ε' values than unripe samples (guava with 11.9ºBx and mamey sapote with 25ºBx), without changes under 4 GHz (p > 0.05). For prickly pears and nopal (Fig. 1c) , dielectric constant also decreased with increasing frequency. For red and white prickly pears, ripe fruits had higher ε' values than unripe pears for all the ISM frequencies (Table 3 ). However, for frequencies higher than 7 GHz, ripe fruits had lower ε' values than unripe ones. Among all the samples, white prickly pear had the highest ε' value at 500 MHz, followed by red prickly pear, nopal, mamey sapote, and finally, guava. Even though guava exhibited the lowest pH values among the analyzed fruits (Table 1) , no significant effect of pH on the DPs was observed (Tables 2-4 ). This observation is in agreement with the reported by Ryynanen, [16] who cited that pH does not affect the properties per se, at typical values of foods. Both (Table 3 ). This can be related to high water content. The measured dielectric constant for guava (65.7) and mamey sapote (66.1-67.1) at 915 MHz and 20ºC (Table 2 ) are similar to the reported for other tropical/ subtropical fruits, such as longan (68.2), persimmon (68.4), and white sapote (62.6) [10] The dielectric constant of the samples decreased with increasing temperature. Figure 2 shows this trend for the unripe samples of selected fruits. For example, ε' for red prickly pear at 20°C is 70.4 at the lowest frequency (500 MHz); it decreases to 27.1 at the highest frequency (20 GHz). At 40°C and 500 MHz, the value is 67.4 decreasing to 24.1 at 20 GHz; at 60°C (500 MHz), the value is 65.4, decreasing to 22.1 at 20 GHz. The same ε' behavior with respect to temperature was reported for other fruits, such as mango, [11] apples, cherries, and oranges. [9] At microwave frequencies, foods with high moisture content show that ε' decreases with increasing temperature. [16] Dielectric loss factor of fruits and nopal
The trend of dielectric loss factor for guava, mamey sapote, and prickly pear at 20ºC in the range from 500 MHz to 20 GHz is shown in Fig. 3 . Data for ISM frequencies are shown in Tables 2, 3 , and 4. From Fig. 3 , it is observed that the dielectric loss factor has a "U" shape behavior, beginning with high values at 500 MHz, then falling at frequencies around 2 GHz and exponentially increasing again at higher frequencies until 20 GHz. This behavior below 1800 MHz has also been reported for other fruits. [9] [10] [11] The U shape behavior has been studied by Ryynänen, [16] where he concluded that for foods with high moisture content, ε"increases with decreasing frequency, due to a greater influence of conductivity losses at lower frequencies. However, losses due to dipolar relaxation become more important at higher frequencies; therefore, the dielectric loss factor increases for frequencies higher than about 3 GHz.
There was an effect of ripeness on the loss factor for guava and mamey sapote ( Fig. 3a and 3b) , with ε" values significantly higher for unripe fruits than the found for ripe samples for frequencies higher than 2 GHz (p < 0.05). No effect in ε" from ripeness was observed for prickly pears (p > 0.05), as it is shown in Fig. 3c .
Among the studied samples, lower values of ε" at 500 MHz were observed for red prickly pear (12) and mature guava (17.4), which was related to the presence of seeds in the flesh, therefore, reducing the amount of water. The highest dielectric loss factor was observed at 500 MHz for unripe mamey sapote (ε" = 28), followed by nopal (ε" = 25.7). At high frequencies, such as 14 GHz, guava, red prickly pear, and nopal reached ε" values of 30, while mature mamey sapote only reached values around 21-22 (Fig. 3) . Of all the samples, the unripe mamey sapote has the highest dielectric loss factor, with ε" values of 20.7, 24.2, and 21.1 at 20, 40, and 60ºC, respectively, at 915 MHz (Table 2) . At 5800 MHz, all the samples had ε"values from 15.8 to 24. Temperature also affected the dielectric loss factor of the samples. Figure 4 depicts a decreasing loss factor with increasing temperature for guava, mamey sapote, and nopal. The same trend was observed for both prickly pears. Values at ISM frequencies for all the studied samples appear in Tables 2, 3 , and 4. Dielectric loss factor decay with increasing temperature has also been reported for other fruits, such as apples, cherries, grape-fruits, oranges, cherimoya, longan, passion fruit, persimmon, and white sapote. [9, 10] Penetration depth in fruits and nopal Tables 2, 3 , and 4 show the calculated penetration depth at ISM frequencies for all samples. d p values decrease with increasing temperature and frequency for all the fruits. In the case of nopal, penetration depth was affected by frequency, while temperature did not have a specific trend.
At a fixed temperature of 20ºC and frequency of 915 MHz, d p in most fruits ranged between 1.93 cm (unripe mamey sapote) and 4.80 cm (unripe prickly pear). With these d p values, the microwave radiation could reach the center of the fruit for all studied samples. For example, in guavas, d p was 3.32 cm for ripe items, assuring that microwaves at 915 may penetrate all the way to For microwave drying purpose, the d p values are useful to determine the maximum slice thickness needed for efficient drying. These slices should be equal or smaller than the given d p at a certain frequency. That will assure that microwaves will penetrate efficiently, heating and causing water evaporation and the consequent drying of the fruit. In comparison with other studies, penetration on mature mamey sapote fruits at 915 MHz and 60ºC (2.33 cm) is similar than the reported for mangoes (2.43 cm), [9] both fruits with a big stone in their center. At 20ºC and 915 MHz, the fruit with greatest penetration depth was unripe white prickly pear, with 4.8 cm, higher than the reported for other fresh fruits, such as orange (2.7 cm), grapefruit (3.7 cm), cherry (2.8 cm), red delicious apple (4.6 cm), [9] avocado and cherimoya (1.5 cm), longan (3.3 cm), passion fruit (2.7 cm), persimmon (2.1 cm), white sapote (1.8 cm), [10] and mangoes (3.35 cm). [11] Conclusion Dielectric constant decreased with frequency and temperature for all the samples. For guava, mamey sapote, and prickly pears, the dielectric constant also increased with ripeness, with values ranging between 41.8 and 80.6. The dielectric loss factor exhibited a "U" shape with respect to frequency for all the samples, with minimum values at around 2 GHz. The dielectric loss factor also decreased with ripeness and temperature, and the ε" values ranged from 9.04 to 24.2. These results are useful for further microwaves treatments, such as disinfestation in fruits or microwave drying of fruits and nopal. 
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